Abstract-To achieve the goal of automatic generation of robot kinematics, a method of topological analysis is proposed. Firstly, based on applying a modularized division method for robots and a module definition, an algorithm of discovering a robot configuration is proposed, and a module database is created. Then, a topological representation with a concept of joint is proposed, and a series of matrices are used to analyze a configuration. A model update method is also proposed for the condition of DOF reduced. A simulation of a robot with branches verifies the validity of the method. An experiment is implemented by employing the Modular Reconfigurable Robot System, and the results show that the topological analysis method is reliable and effective.
mechanisms, and propose a variable topological representation; a method of configuration transformation when a joint is locked is also proposed. Although a reconfigured matrix is derived through the transformation, the changes of kinematics and dynamics parameters are not mentioned. Chen and Burdick [3] employ combinatorial mathematics to enumerate the nonisomorphic assembly configurations of a modular robot system. The assembly incidence matrix (AIM) is applied as a representation of a configuration. Some configurations have different AIMs but the same kinematics; so an algorithm to identify the kinematic equivalence of AIMs is proposed. AIM is also used by Yang [4] , [5] to represent robot configurations. Yang defines connectors as "joints" that corresponds to the edges of the kinematic graph, and the modules as "links" that corresponds to the vertexes of the graph. AIM is derived from the kinematic graph, and thus the kinematics of the robot is derived. Schmitz et al. [6] , [7] present a description of joint and link modules and the sequence in which they have been connected. The description and the sequence are the input of their kinematics algorithm. After assigning two sets of coordinate frames, the D-H parameters of the robot are generated, and hence the kinematic equations are obtained. Kuo et al. [8] study the identification of link adjacency and joint incidence of kinematic chains and mechanisms, by employing a pseudogenetic concept. Ding et al. [9] propose unified topological models and mathematical representations for planar mechanisms. Some other researchers focus on discovering configuration and on-line reconfiguration algorithms for self-reconfigurable robots that are generally constructed by homogeneous modules [10] [11] [12] . However, automatically discovering configurations and subsequently generating the kinematic and dynamic equations for heterogeneous modular robots still need a further discussion.
For fully automatic modeling a modular robot, a method of discovering and analyzing configurations is proposed. Firstly, a division of robots and module definitions are presented. Secondly, an algorithm of discovering a configuration is proposed, and then a module database that consists of a series of defined modules is created. Thirdly, the configuration is represented as a rooted tree by introducing a new concept of joint. Then, the matrix representation and analysis of the tree is presented. A new algorithm of generating path matrix is proposed. Subsequently, the update of configurations is discussed. Lastly, an illustrative example and an experiment are implemented to verify the method.
II. MODULE DEFINITIONS OF MODULAR ROBOTS
Since modules are the basic elements of a modular robot system, every type of modules should be defined clearly.
A. Modularized Division of a Robot
Modular reconfigurable robots can be sorted into different categories for they have different types of mechanisms for configuration transformation, or be sorted in different perspectives [13] [14] [15] ; thus modularized division methods vary greatly. This paper focuses on a kind of heterogeneous modular robot, which consists of joint and link modules.
Considering that multi-branch mechanisms are more general than single-open-chain ones, multi-branch robots are involved in this paper. Each joint module has one input and one output connector, whereas each link module has one input but one or more output connectors. All connectors are standardized for interchangeability.
The joint modules are mainly sorted into rotary joints and prismatic joints, as shown in Fig.1 (a) and (b), respectively. Each joint has a cylindrical profile with an input and an output connector at its ends. The center-point-pass-through normal vectors of the end faces are coincident with each other. The link modules, as shown in Fig. 1(c) -(g), are mainly sorted into two types: single-input single-output links and single-input multi-output links. The former consists of perpendicular links, coincident links, and parallel links; they are sorted by the spatial relations between the normal vectors of their end faces. The latter are branch links, one of which is shown in Fig. 1(g) .
Besides, the ground and end-effectors are also regarded as "joints" in a rooted tree. Fig. 1(h) shows a gripper module. Since the ground is an inactive "joint", we will substitute the host computer for it to send the inquiry commands in the configuration discovery process.
The output connector of every joint has 6 equally spaced location holes, as shown in Fig. 2(a) , and thus has 6 relative assembly angles. Fig. 2(b) and (c) show a link is connected to a joint with the relative assembly angle of 0 and π/3, respectively. The MA, which works as an identification of a module, are saved in control electronics embedded in every module since the module has been manufactured.
III. CONFIGURATION DISCOVERY AND TOPOLOGICAL REPRESENTATION

A. Configuration Discovery
The discovery of a module is done by communications through the identification line, as shown in Fig. 3(a) . Then, the assembly parameter ASM, which describes the relative assembly angle of two consecutive modules, is obtained. The ASM can be represented as ASM= (F, A), where F-Flag of the assembly state: whether a module is assembled well and on the state of ready or not;
A-Relative assembly angles of the two consecutive modules; A= {0, π/3, 2π/3, π, 4π/3, 5π/3}.
Considering that a robot may have multiple kienmaitc chains, the depth-first search is used to find all the modules.
The discovery process mainly contains three parts:
1) Traverse the configuration through the identification lines, and read the MAs of modules.
As shown in Fig. 3 (b), the discovery of module i is as follows: module i-1, which is discovered yet, responds the command GetMA(FormerID) from the host to query module i and get a MA back to the host. FormerID is the ID of the module i-1; the initial value of FormerID is the ID of the host.
To cope with a multi-branch robot, the stack is used to memory the IDs of branch modules.
2) Get the assembly parameter ASM. This part employs the command GetAngle(LatterID) to get the relative assembly angle between the consecutive modules. The parameter LatterID is the ID of Module i.
3) Generate the module database ModuleDatabase. The element of the database is represented as Module= (SequenceNo, LinkID, MA, ASM), where SequenceNo represents the number assigned by the host in sequence; LinkID is the ID of its preceding module. The first element of the database is the ground.
The flow chart of the above process is shown in Fig. 4 . When the discovery is done, a module database is generated. The database can be edited by the host when the configuration changed, and is the basis of topological analysis.
B. Rooted Tree of a Configuration
Generally, a configuration of a robot can be represented as a tree, based on the Graph Theory. However, graphs or trees vary greatly because the meanings of edge and vertex of the graphs are different with each other [1] , [4] , [5] , [16] .
This paper applies some new criteria for constructing a tree, and consequently obtains a simple and intuitive rooted tree for a multi-branch configuration. The criteria are as follows:
1) The concept of "joint" is extended as a set of "constraints". In this perspective, a joint is regarded as a mechanism with n (n∈N, 0≤n≤6) constraints, namely 6-n degrees of freedom (DOF). Thus, a rotary/prismatic joint has 5 constraints. Likewise, the ground is a "joint" with 0 DOF. An end-effector is a "joint" with 6 DOFs in case of not interacting or contacting with environment.
2) The vertexes of a rooted tree T denote joint modules, whereas the edges denote fixed geometrical relations between consecutive joints. Namely, the edges denote links.
3) The ground is assigned as the root of the tree T.
4) The tree T becomes a digraph G with circuits when a non-root leaf interacts with environments or other leaves.
5) The root node is assigned to be at the bottom of a tree. The direction of an edge represents the relation between a parent node and his child node.
Following the criteria above, we obtain some rooted tree fragments shown in Fig. 5 A rooted tree, actually, is an ordered 2-tuple, which is composed of the vertex set V and edge set E, i.e. T= (V, E). The vertex set and edge set of T 1 (Fig. 5(c) ) are:
V(T 1 )={R 0 , R 1 , P 2 }, and E(T 1 )={L 1 , L 2 }. Note that two edges in a tree may be the same link module physically; for example, the edge L i+1 and L j shown in Fig.  5(d) map to the same link in Fig. 5(b) .
C. Configuration Analysis Based on Matrices 1) Incidence matrix of a rooted tree
Incidence matrix is an effective matrix representation of a Graph [4] , [17] . [4] defines an incidence matrix of a digraph; likewise, the incidence matrix of a rooted tree is defined: 2) Assembly incidence matrix (AIM) The AIM is obtained by introducing the relative assembly angles, Module.ASM.A, to the incidence matrix. Different from [4] , a definition of AIM is given below:
Definition 2 (AIM of a rooted tree) The AIM A(T) is a (n+1)×n matrix, and is obtained by substituting the assembly angles for the corresponding entries that are 1's, respectively.
The AIM is explicit, involves more information, and is beneficial to getting the kinematics.
3) Path matrix A multi-branch configuration has multiple kinematic chains. Every kinematic chain starts at the ground, and ends at one of the leaves in the rooted tree. A path matrix represents the chains. Let the path matrix be ( ) 
IV. MODEL UPDATE OF A CONFIGURATION
A modular robot can work when its DOF is reduced. When the number of DOF is needed to be reduced, the safety brake locks the joint.
Suppose that the rotary joint module R i is need to be locked, and denoted by a solid vertex in red, as shown in Fig. 6(a) . Fig. 6 . Update of a tree When R i is locked, the value of its joint variable θ i is read and denoted by θ i0 . 1) Update of the rooted tree As shown in Fig. 6(a) and (b) , when R i is locked, L i+1 and L i are fixed together and perform as one link. Thus, substitute a new link, which is also denoted by L i , for the three modules, and the original joint R i+1 is reassigned as R i , as shown in Fig.  6(c) and (d) . The subscripts of all the vertexes and edges after the new R i minus 1 is the new subscripts.
2) Update of the module database First, re-compute the parameters of L i ; the parameters are MA.D and MA.I. Second, delete R i and L i+1 . Third, update the parameters of R i+1 : subtract 1 from the value of SequenceNo, and substitute the ID of L i for LinkID. Lastly, update all the SequenceNos of joints after R i+1 and that of links after L i+1 .
3) Update of incidence matrix and AIM The new incidence matrix is derived by deleting row i+1, substituting the sum of column i and i+1 for column i, and deleting column i+1. The new AIM is derived, firstly, by the same processes with the new incidence matrix, and then by substituting the value of θ j+1 for that of θ j (j∈N, i≤j<n).
4) Update of the path matrix
The new path matrix is derived by deleting the (i+1)-th column of the original matrix. Now, the update process is done. Additionally, if there are k modules locked, run the algorithm for k times, successively.
V. ILLUSTRATIVE EXAMPLE
Given a configuration shown in Fig. 7(a) , 11 joints and 11 links are discovered, and thereby a module database is created. A rooted tree is derived as shown in Fig. 7(b) . Note that edges L 3 and L 7 in the tree are the same link physically. The vertex set of the rooted tree shown in Fig. 7(b) is V(T)={R 0 , R 1 , R 2 , …, R 11 }, and the edge set of that is 
Compute the matrix D, and thus get the leaves of the tree. Then the path matrix is derived as ( ) 
Suppose that joint R 4 fails and is locked, an updated tree is obtained, as shown in Fig. 8(a) and (b) . 
the new AIM is 
The updated tree and the matrices show that the algorithms are correct.
VI. EXPERIMENT
An experiment is carried out based on the Modular Reconfigurable Robot Experiment System (MRRES), as shown in Fig. 9 , which is developed for education and research field by Shenyang Institute of Automation, CAS. Although the MRRES has no branch link and a multi-branch robot is not available, it is competent to verify the basic principles of the methods proposed.
A 5 DOF manipulator is chosen for this experiment. Fig.  10(a) shows the schematic of the robot. Then, a series of joints and links are picked out to assemble a robot, as shown in Fig. 10(b) , where the base plate works as ground. When power is turned on, the host discovers the modules from R 0 to R 6 (the gripper) in sequence. It generates a module database, which consists of 13 elements, {R 0 , R 1 , …, R 6 , L 1 , L 2 , …, L 6 }. The rooted tree is generated as shown in Fig.  10(c) . The human-machine interface of the host is shown in Fig. 11 . 
The matrix D is computed as 
The diagonal elements of D indicate that R 0 is the ground, and the last joint R 6 is a leaf. Let R 6 be the origin of a search, backtrack the joints, and thus obtain a path matrix: P(T)=[1 1 1 1 1 1 1] Subsequently, the host commands all the joints to reset and return zero position. Based on the module database, AIM and path matrix are obtained; the kinematics of the robot will be automatically generated, which are beyond this paper. Then, the robot can motion totally by control, as shown in Fig. 12 .
To imitate a joint fault, joint R 2 is locked manually. When discovering this fault, the system stops, locks the failed joint, and updates the model immediately, as shown in Fig. 13 . The updated modules database, tree and matrices are omitted here. The experiment shows that the robot discovers, recognizes and analyzes its configuration exactly and effectively. When failure occurs, the system adapts well.
VII. CONCLUSION
This paper presents a method of topological analysis of modular reconfigurable robots. The proposed division method and module definition are the precondition of analysis. The representation and analysis are all based on a module database. The concept of joint guarantees that the meaning of a rooted tree is definite and intuitive. An algorithm of generating a path matrix is proposed. An update algorithm for the DOF-reduced situation is also discussed. Lastly, the results of an illustrative example and an experiment show that the topological analysis method is correct and reliable.
The topological analysis is the prelude and basis of automatically generating the kinematics and dynamics. The module database and the matrices (the incidence matrix, the AIM, and the path matrix) will be the input of the algorithm of kinematics and dynamics in the future.
